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Biomolecular Interactions Measured by Atomic Force Microscopy
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ABSTRACT Atomic force microscopy (AFM) is nowadays frequently applied to determine interaction forces between
biological molecules. Starting with the detection of the first discrete unbinding forces between ligands and receptors by AFM
only several years ago, measurements have become more and more quantitative. At the same time, theories have been
developed to describe and understand the dynamics of the unbinding process and experimental techniques have been
refined to verify this theory. In addition, the detection of molecular recognition forces has been exploited to map and image
the location of binding sites. In this review we discuss the important contributions that have led to the development of this
field. In addition, we emphasize the potential of chemically well-defined surface modification techniques to further improve
reproducible measurements by AFM. This increased reproducibility will pave the way for a better understanding of molecular
interactions in cell biology.

INTRODUCTION

The invention of the scanning tunneling microscope (STM;al., 1994a; Kasas et al., 1997; van Noort et al., 1998) is not
Binnig et al., 1983) has stimulated detailed analyses ofs straightforward as the imaging of fixed structures.
surfaces both in material sciences and, more recently, imhroughout the latter three studies, the AFM was pushed to
biology and biochemistry. It enabled the visualization of theits limits of temporal and lateral resolution. Interestingly,
atomic and molecular structure of surfaces. This instrumenthe imaging forces remained small enough to prevent the
was the first in a row of newly developed scanning probevisible damage to the biological system studied. Also, no
microscopes that all have in common a sharp probe that ishange in the biological function was detected in these
scanned over a surface. While scanning, an interactiopapers.
between probe and sample is measured in these instruments Besides imaging surfaces, the AFM can also be exploited
from which an image is reconstructed. to obtain additional information from a sample. The inter-
In a second type of scanning probe microscope, thection force between tip and sample can be measured by
atomic force microscope (AFM; Binnig et al., 1986), the moving the AFM tip perpendicular to the surface while
interaction force between probe and sample is exploited teheasuring the force on the tip. With these so-called force-
maintain a constant distance between the two objects. Thgistance curves it appeared possible to detect surface inter-
most important characteristic of the AFM is its ability to action forces, either continuously (Burnham and Colton,
image objects in liquids (Marti et al., 1987), which is of 19g9: Butt, 1991) or discretely (Hoh et al., 1992; O'Shea et
special importance for biological studies because it allowsy| 1992). Moreover, the position accuracy and force sen-
visualization of biological structures in their native environ- gjivity of an AFM probe even allowed detection of single
ment (Henderson et al., 1992). Development of imagingyolecular bonds (Florin et al., 1994). This method of de-
routines and modes of operation adapted for the measurgseting individual bonds is straightforward: the force probe,
ment of the soft biological objects (Hansma et al., 1994;4,tionalized with a biomolecule, is brought into contact

Putman et al., 1994) has significantly contributed to the i, 5 surface that is covered with the counter-molecule
reduction of damage done to these objects by the scanningee Fig. 1a) and a molecular bond is formed. Upon

tlp.ITher.efore, bAFIM hasi bgpome C,’T]e oLthe rTOSt F;]Opu"'"rretraction of the tip from the surface, the bond is broken and
i[oc_)s tc} Imr?geld |k())og|ca 0 Jegtiw't su V\r/]ave fangtr '®SO%he adhesion force measured at that point represents the
ution. It should be mentioned, however, that visua Izatlonrupture force of the molecular pair. Although this novel

of biomolecular interaction processes in situ (Radmacher eépplication can in principle be applied to address a wide

range of biological or immunological questions at the mo-
lecular level, thus far only a limited number of groups have
Received for publication 27 September 1999 and in final form 23 Apf”reported the applicability of AFM for molecular interaction
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FIGURE 1 @) Schematic representation of the tip-substrate configuration used in the initial studies on measurement of rupture forces of individual
molecules. The force probe of the AFM was functionalized with a monolayer of the molecules of interest. The substrate was also densely packed with the
counter-molecule. In the first two studies of Lee et al. (1994a) and Florin et al. (1994) the binding strength of the biotin-(strept)avidin pgrmiagde

and the ligand (biotin) was either attached to the surface (Florin et al., 1994) or the tip (Lee et al., 199®adtripution of rupture forces of the
biotin-avidin pair, obtained by Florin and co-workers (1994). The histogram shows a number of peaks that have been pointed out by arrows and which
denote the value of a force quantum for the molecular pgiD{agram of the set-up that has been used by Wong and co-workers (1998). A nanotube has
been glued to an AFM tip and the end of the tube has been modified covalently with a biotin molecule. This functionalized tip has been used to probe a
surface that had been covered with streptavidihp.T{vo distributions of detected adhesion forces have been obtained with the set-up that is shgjwn in (

The lower graph shows a distribution that was obtained with a nanotube that only had a single active biotin molecule at its apex; the top grapkdvas obtain
with a nanotube that had two active biotin molecules at its apex. Par)etsd () were reprinted by permission froMaturenttp://www.nature.com

394:255, Wong et al., © 1998, Macmillan Magazines Ltd; pabgh(as reprinted by permission froSciencattp://www.sciencemag.org 264:415-417,

Florin et al., © 1994, American Association for the Advancement of Science.

has its own characteristics, there is no universal recipe tto investigate the biotin-streptavidin system because it is
characterize single molecular systems. Binding and meene of the strongest noncovalent interactions in nature. A
chanical properties of the characterized molecules undeschematic drawing of their set-up is shown in Figal
force will depend heavily on parameters such as orientatioBiotin was coupled covalently to bovine serum albumin
of the molecules, degree of freedom, and affinity. There{BSA), which was attached to both the force probe (a glass
fore, we restrict the discussion in this review to thosemicrosphere glued to a cantilever) and the surface by non-
conditions that have proven important to optimize AFM specific adsorption. Subsequently, the biotin-functionalized
measurements of interaction forces between individual molsurface was incubated with a counter-molecule, streptavi-
ecules. Among these are the coupling schemes of singldin, resulting in a monolayer of streptavidin bound to the
molecules, the use of flexible cross-linkers, optimizedbiotinylated BSA on the glass surface. In order to address as
detection schemes, and the usage of dedicated prolfew individual molecular bonds as possible, a rigid surface
microscopes. was considered essential to minimize the contact area be-
tween tip and surface. When tip and surface were brought in
. . contact, the biotin on the tip could interact with the strepta-
Initial studies on the measurement of rupture . L S . .
forces by AFM V|d!n because streptawdm has four binding sites for b]ot]n,
which were not all occupied by the surface bound biotin.
Lee and co-workers (1994a) were the first to demonstrat&pon retraction of the cantilever, the bond(s) made could be
the capability of AFM to measure discrete and biologically disrupted. This rupture occurs when the gradient of the
specific rupture forces of molecular complexes. They choseantilever potential exceeds the highest gradient in the un-
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binding pathway of the ligand-receptor interaction potentialecules carried out with AFM until now and clearly shows
(Burnham and Colton, 1989). By registering the deflectionthat this technique becomes increasingly popular to study
of the cantilever at rupture, the rupture force can be meainteractions between biomolecules and to get insight into
sured. The specificity of the interaction was demonstrateagnechanical unfolding pathways.
by the observation that after blocking streptavidin by free
biotin, no rupture forces were measured. The interaction
forces that were measured with this set-up could be attrib-
uted to the rupture of discrete bonds, though the width of the".
distribution of rupture forces is not small enough to attribute :
every unbinding event to the rupture of a single complexThe development of techniques to detect molecular disrup-
Because biologically specific and nonspecific bonds cartion forces has evolved rapidly. In Table 1 it is shown that
have rupture forces that lie in the same range, it is noinitially much emphasis was put on the biotin-avidin inter-
possible to conclude specificity from a single force mea-action, which can be considered as the primary model
surement. Repetitive measurements of a bond not only givexploited by several groups. Although the method of Florin
a distribution of unbinding forces (Evans et al., 1991; Lee etand co-workers (1994) is very useful in determining the
al., 1994a), but can also reveal additional proof for theunbinding forces of discrete bonds, they predominantly
discreteness of the measured bond. This was shown by Habserved the parallel breakage of multiple bonds. This is a
and co-workers (1992) for chemically specific bonds, whenconsequence of their tip-sample configuration, which does
they demonstrated the presence of force quanta when pulhot allow the repetitive addressing of the same individual
ing a tip from a mica surface. Florin and co-workers (1994)molecules. To really measure interactions between isolated
followed this approach to demonstrate the direct measuresingle molecules, very strict conditions need to be fulfilled.
ment of the rupture of individual biologically specific First, the density of molecules distributed both on tip and
bonds. They used a slightly different biological system tharsurface should be sufficiently low to allow the formation of
Lee and co-workers (1994a) did. Sharp silicon nitride tipssingle molecular interactions. In AFM experiments this
were covered with biotinylated BSA to which avidin was implies that the surface coverage of active molecules on the
bound. Soft biotinylated agarose beads were used as t# or surface should be chosen sufficiently low to allow for
surface to mimic biochemical affinity measurements. Thussingle molecular interactions. To verify distribution of mol-
measured forces can be compared to thermodynamic datecules on the tip, investigators have modified flat substrates,
obtained with those techniques. Another consequence of theonsisting of the same material as the tip, in the same batch.
use of soft surfaces is that the contact area is significantlBubsequently, molecular distribution is determined with
enlarged, resulting in multiple molecular bonds upon inter-conventional surface techniques, such as tapping mode
action of the tip with the bead. Although the use of multiple AFM (Willemsen et al., 1998) or fluorescence microscopy
interaction sites may seem counter-intuitive, it facilitates the(Hinterdorfer et al., 1996). The consequence of one func-
discrimination of quantized rupture forces and increases th#onal molecule on the tip is that it has become very pre-
precision with which such a force can be measured. Becaussous: once it has become nonfunctional or is lost from the
the rupture of the tip from the surface involved rupture oftip apex, the tip has become useless. Loss of functionality
many individual bounds, only the force of the final rupture can be caused by damage that is due to the high pressure
was analyzed. As shown in Fighl the distribution of these exerted on the molecule, but can also be due to detachment
final rupture forces shows a number of peaks that represemif the counter-molecule from the surface, which will also
an integer number of force quanta for a biotin-avidin bond.effectively block the recognition site of the tip. Thus, to
Using this graph, the unbinding force of a single biotin- prevent unwanted detachment, covalent bonding of the mol-
avidin bond was determined as 160 pN. ecules to the surface and the tip is recommended (Hinter-
These two initial publications have substantially contrib-dorfer et al., 1996; Ros et al., 1998). A striking example of
uted to the development of a new field of experimentationa single molecular interaction, measured by using covalent
using AFM: measurement of inter and intramolecular inter-coupling of tip and surface, is provided by Wong and
actions in situ. Several investigators reproduced and exco-workers (1998). They have glued a single nanotube to
tended the (strept)avidin-biotin findings by determining thethe cantilever to minimize the contact between tip and
bond strength with discrete methods (Moy et al., 1994a, bsurface and to have a chemically well-defined and ex-
Chilkoti et al., 1995; Allen et al., 1996; Wong et al., 1998) tremely small tip apex (see Fig. d. The probes, which
or with statistical analysis (Lo et al.,, 1999). This was were functionalized by covalently bound biotin molecules,
followed by the measurement of intra or intermolecularwere used to measure the rupture force of the biotin-strepta-
rupture forces of other biomolecules with lower affinities, vidin bond. Fig. 1d shows the histograms of unbinding
including antibody-antigen and membrane receptor-ligandorces measured with two different tips. Interestingly, they
pairs, and flexible molecules such as titin and tenascinfound that most tips contained only one active biotin mol-
Table 1 provides an overview of measurements on biomolecule at the apex of the nanotube, resulting in histograms as

easurement of individual
omolecular interactions
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TABLE 1 AFM measurements on biomolecular forces

Willemsen et al.

Method

Measurement of Disruption  Disruption Force versus
System Force Loading Rate

Adhesion Mode Imaging

Force Spectroscopy

Biotin-(strept)avidin Lee et al., 1994a; Florin et al.,Merkel et al., 1999* Ludwig et al., 1997

1994; Moy et al., 1994a, b;
Chilkoti et al., 1995; Allen
et al., 1996; Wong et al.,
1998; Lo et al., 1999
Antibody-antigen Hinterdorfer et al., 1995-1997;
Stuart and Hlady, 1995,
1999; Dammer et al., 1996;
Allen et al., 1997; Ros et al.,

1998
Receptor-ligand
Proteoglycans Dammer et al., 1995
P-selectin Fritz et al., 1998
Tenascin Oberhauser et al., 1998
a, B3 Integrin Lehenkari and Horton, 1999
VE-cadherin Baumgartner et al., 2000 Baumgartner et al., 2000
Acethylcholinesterase
Myelin basic protein
Intramolecular
Titin Carrion-Vazquez et al., 1999 Rief et al., 1997b, 1998a
Bacteriorhodopsin
T4 lysozyme
DNA Lee et al., 1994b; Boland and Strunz et al., 1999
Ratner, 1995; Strunz et al.,
1999
Shell-protein
Polysaccharides

Covalent bonds

Willemsen et al., 1998, 1999

Oberhauser et al., 1998

Yingge et al., 1999
Mueller et al., 1999

Rief et al., 1997b, 1998a;
Marszalek et al., 1999;
Oberhauser et al., 1999;
Li et al., 2000

Oesterhelt et al., 2060

Yang et al., 2000
Rief et al., 1999; Clausen-
Schaumann et al., 2000

Smith et al., 1999

Rief et al., 1997a; Li et al.,
1998; Marszalek et al., 1998

Grandbois et al., 1999

*Measured with a biomembrane force probe.
"Measurement of unfolding force.

shown in the lower graph of Fig. d. According to their |mportance of the relation between loading rate
findings, even when the tip expresses two active biotinand measured disruption forces

molecules, it remained possible to resolve the width of the o )
force distribution of a discrete rupture force (Figdltop Evans and Ritchie (1997) have studied the strength of weak

graph) with an average value of 200 pN. In addition to noncova]ent ponpls in liquids. They used Kramers’ t'heory
coating low numbers of molecules, the histograms can péor reaction kinetics (Kramers, 1940; see also Hanggi et al.,
used to calculate the confidence level whether a rupturd990) under the influence of force to establish a physical
event between tip and sample is indeed caused by a singk@sis for Bell's theory (Bell, 1978) and derived a formula to
molecular detachment. predict of the dependence of force on loading rate. In a
In the study of Lee and co-workers (1994a), however, itMonte Carlo simulation the dependency of rupture force on
was demonstrated that the average value of the measuréending rate could be predicted. When the predictions of the
rupture force depends on the spring constant of the cantilesimulations are applied to the range of loading rates that are
ver. According to them, this is consistent with the theory ofattainable for the AFM (300-30,000 pN/s; Rief et al.,
Bell (1978), which states that the external force applied orl997b; Fritz et al., 1998), an exponential dependence of the
a bond determines the lifetime of the bond. Therefore, théneasured force on the loading rate is expected. This expo-
rupture forces measured in an interaction force experimemential dependence on loading rate has recently indeed been
are highly dependent on the conditions of the experimentgdemonstrated for both inter and intramolecular unbinding
indicating that interpretation of measured unbinding forcedorces (Rief et al., 1997b; Fritz et al., 1998; Oberhauser et
is more complicated than was generally believed. al., 1998). Evans and co-workers (1995) also predicted that
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for a range of loading rates, covering 12 orders of magniimeasured by the AFM experiment of Wong and co-workers
tude, the rupture force of biotin and avidin could not be(1998) and indicated with the star, is only a single point in
fitted with a single exponential. Because the interactionthe rupture force versus loading rate spectrum. It should be
potential of biotin and (strept)avidin contains several energyioted that in all experiments described above, a graph of
wells, as was shown in MD simulations for the biotin- rupture force versus loading rate is given. To our knowl-
streptavidin (Grubriiler et al., 1996) and biotin-avidin edge, no experiments have been done to prove the depen-
bond (Izrailev et al., 1997), the graph of rupture force versuslency of rupture force on loading rate unambiguously. In
the logarithm of loading rate consists of multiple sections,such experiments the spring constant of the cantilever
where one of the energy wells determines the slope of eackhould be varied, while maintaining the loading rate con-
section (Evans and Ritchie, 1997). These predictions havstant. If the distribution of rupture forces does not change,
recently been confirmed by Merkel and co-workers (1999)Joading rate and rupture force are directly related.
who used a biomembrane force probe to measure the rup-
ture force while varying the applied loading rate over six , . . . .
orders of magnitude. Although this experiment was nolAntlbody-antlgen interactions
performed with an AFM, the implication for experiments Besides biotin-(strept)avidin interactions, several other bio-
carried out by AFM is so significant that it is discussed inlogical interactions have been investigated with the AFM.
this review. Various groups investigated antibody-antigen interactions
In Fig. 2 the measured rupture force of a single biotin-that are important in the immune system, and which may
avidin and a biotin-streptavidin bond is plotted as a functionvary considerably in affinity. A similar approach as used
of loading rate. The measurements of streptavidin can b@&hen measuring biotin-(strept)avidin interactions was fol-
divided into two sections where the dependence on loadingpwed. Stuart and Hlady (1995) glued a silica bead to a
rate is quite different. The region of high unbinding forcescantilever to create a relatively large contact area. They
(85-175 pN) is dominated by a barrier in the potential,found that the antibody-antigen rupture forces were ob-
located at 0.12 nm from the center of the binding pocketscured by nonspecific interactions between functionalized
and the lower regime is dominated by a barrier at 0.5 nm. Inip and surface and perhaps also by a lack of molecular
the higher rupture forces regime the graph is similar for botrmobility. Dammer and co-workers (1996) followed a dif-
biotin-avidin and biotin-streptavidin interactions, but below ferent approach using a self-assembled monolayer to func-
85 pN, the slopes deviate. These differences can be exionalize tips and surfaces. Like Florin and co-workers
plained by comparison of the molecular dynamics of the(1994), distributions of rupture forces were measured to
rupture of the biotin-streptavidin (Grubitter et al., 1996) quantify unbinding forces. Hinterdorfer and co-workers
and biotin-avidin (Izrailev et al., 1997) bonds. Interestingly, (1995, 1996) were the first to determine the interaction
the value of the rupture force of biotin-streptavidin, asbetween individual antibodies and antigens.
The latter two groups used flexible cross-linkers to cou-
ple either the antigen or the antibody to the tip and stressed
200y FeAFM that these spacers were essential in the formation of the
O Streptavidin antibody-antigen complexes. Apparently they provided the

150} A Avidin antibodies and antigens enough freedom to overcome prob-
= lems of misorientation, steric hindrance, and conformational
% 100l changes. Hinterdorfer and co-workers (1996) have created
s the largest mobility by using the longest spacer molecules (8
& nm (Hinterdorfer et al., 1996) compared to 2.2 nm (Dammer

50¢ X et al., 1996)) and by coupling antibodies and antigens to the
A tip and the surface, respectively, via polyethylene glycol
0_.&--&“,‘"“"' , , ) (PEG) spacers. The tips were functionalized at such low
102 10° 102 10* 108 antibody density that, on average, only one single antibody
Loading rate (pN s°) at the tip apex had access to an antigen on the surface. Thus,

L _single molecular antibody-antigen complexes could be ex-
FIGURE 2 This figure shows a graph of rupture force versus loading ined d le of th t f h lex i
rate, as obtained by Merkel and co-workers (1999) for the biotin-avidinamlne » and an example or the rupture or such a complex i1s

(triangleg and the biotin-streptavidincircles) system. The regions with  Shown in Fig. 3a. Here, the force on the cantilever is plotted
different slopes are dominated by barriers in the energy landscape dS a function of distance between the cantilever and the
interaction potential of the molecular complex. The slope of the curvegyrface. Approaching the surface (trace 1-5), the curve

determines the position of the energy barriers (see Merkel et al., 1999). Th,e-esemmeS the well-known force-distance curve Upon re-
value of the rupture of the biotin-streptavidin, as obtained by Wong and )

co-workers (1998) and shown in Fig.d] has been indicated with a star. traction of the tlp,. h9wever’ the bmdm_g IS dlsrupted in a
This figure was reprinted by permission fromaturenttp:/imw. — Manner characteristic for molecules linked through PEG

nature.com 395:50-53, Merkel et al., © 1999, Macmillan Magazines Ltd.Spacers. Rather than detaching after having followed the
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Washing away free antigen resulted in recovery of binding
after ~25 min.
Since Hinterdorfer and co-workers (1996) were able to
iy 5 v ' detect the rupture of bonds using a single antibody on the
s c ; tip, they were able to perform experiments that cannot be
S carried out when multiple active molecules are present on
the tip. For instance, they observed that both binding sites of
the antibody (an antibody has two antigen binding sites)
were able to bind simultaneously and independently with
the same binding probability. Also, they were capable of
determining the probability of a rupture event as a function
of lateral position of the tip over the molecule. This dem-
onstrates the ability of AFM to locate molecular interactions
with a lateral accuracy of 1.5 nm, which is determined by
the dynamic reach of the spacer molecule. This approach
was the first attempt to combine the ability of the AFM to
detect biological specific interactions with the imaging ca-
10 nm 7 pability that was already known for several years, and may
be used to map binding sites and binding characteristics
b) simultaneously and in more detail.

Development of adhesion mode imaging

Rupture forces from biomolecular specific interactions can
also be exploited as a contrast parameter to create images.
The applicability of the adhesion force between tip and
surface for contrast was first recognized by Mizes and
50 40 80 86 100 co-workers (1991) mapping a polymer substrate. However,
Time (min) because the topographical and the adhesion image were
measured sequentially, a shift in the images was observed
FIGURE 3 ) Force-distance curve generated by Hinterdorfer and co-that was attributed to drift. This problem can be prevented
workers (1996). Both antibody and antigen are covalently bound to the ti‘by simultaneous imaging of topography and adhesion, as

and surface, respectively, via a bifunctional PEG spacer. During the ap-
proach of the tip to the surface, the line 1-5 is followed. During the was demonstrated later by van der Werf et al. (1994) and

retraction of the tip from the surface, the tip follows the line 67, indicating R@dmacher et al. (1994b). In their experiments the fip is
a delayed rupture that is attributed to the involvement of the spacer in théaster-scanned over the surface while a force-distance curve
interaction. p) Binding probability of antibody on the tip as a function of is generated for every pixel. From the force-distance curve,
time. As indigatgd by the arrows, the addition of excess antigen to S_'°|Uti°%urface parameters such as stiffness, height, and adhesion
causes the binding probability to drop almost to zero. Itrecov@S min ¢ 00 can e extracted by either on-line (van der Werf et al.,
after washing with buffer. Panels)(and p) are reprinted by permission . .
from Hinterdorfer and co-worker®(oc. Natl. Acad. Sci. US/@3:3477—  1994) or off-line analysis (Radmacher et al., 1994b). Incor-
3481, © 1996, National Academy of Sciences). porating a feedback on maximal force to prevent damage to
the sample (van der Werf et al., 1994), Berger and co-
workers (1995) were even able to image the domains in a
trace 5-4 for some time with the same slope until detachphase-separated lipid monolayer. A topography and con-
ment is observed, the unbinding curve follows the tracecomitant adhesion image are shown in Fig.adand b,
6—7. Instead of an immediate rupture a delay in detachmentspectively. The topography image hardly shows any
is observed, which is attributed to the spacer molecules thdteight differences, implying that surface-induced adhesion
have to be stretched before they can exert force on théorce contrast can be excluded. This is extremely important
antibody-antigen complex. To validate the biological spec-because topography-induced adhesion, caused by variation
ificity of the antigen-antibody interaction, free antigen wasof the contact area between tip and sample, often obscures
added to the solution to block the binding site of the anti-the chemically induced contrast. Therefore, the observed
body on the tip. Although this is common practice to showcontrast in the adhesion image is truly chemically specific,
specificity, Hinterdorfer and co-workers (1996) were theand it was attributed to the difference in interfacial energy
first to elegantly demonstrate the reversibility of the block- of the tip and acyl chain in the lipid domains. Comparison
ing, as shown in Fig. B. After addition of free antigen the of the adhesion image, in which such chemical contrast is
probability of rupturing decreased almost immediately.used to visualize the position of the domains in the layer,
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60 pN

FIGURE 4 Topographyd) and adhesionb) image of a phase-separated lipid monolayer, recorded in adhesion mode in air by Berger and co-workers
(1995). The image size is 600 600 nm, the topography images have been high-pass filtered, and the adhesion force had the average value of 25 nN on
the dark domains and 35 nN on the light domainskjin Topography ¢) and adhesiond) image of a mica substrate, sparsely covered with antigen
molecules. The images are recorded in adhesion mode with a tip that is functionalized with antibody via a PEG spacer. The adhesion mode image has been
color-coded on the basis of the force-distance curves that were obtained on these pixels. Black pixels denote adhesion forces smaller thapi®6IgN, blue
denote adhesion forces higher than 30 pN and a rupture length smaller than 3.5 nm, and yellow pixels denote adhesion force higher than 30 pN and a rupture
length larger than 3.5 nm. At the position of the arrows the maximal applied force is set to 60, 40, and 80 pN. The image sized@X42M, the height

range is 0—-9 nm, and the adhesion force range is 0—-300g)/dn( @) are reprinted by permission from Berger et &aifjgmuir.11:4188-4192, © 1995,

American Chemical Society). Panet3 &nd @) are reprinted by permission from Willemsen et 8iophys. J76:716-724, © 1999, Biophysical Society).

with the topography image clearly demonstrates the poteradhesion image. To visualize the high lateral resolution of
tial of applying adhesion force as a contrast parameter. the AFM, they prepared a sample with a pattern of strepta-
Also, biological applications, such as the localization ofvidin and BSA, which was imaged in adhesion mode.
surface receptors on a single living cell, might benefit fromForce-distance curves were analyzed on-line by extracting
adhesion mode AFM. Because cell surface receptors arhe height and the adhesion force information. Next, two
embedded in a highly flexible lipid membrane, adhesionconcomitant images were constructed, a topography and an
force is expected to yield a higher contrast than the heighadhesion image, revealing the patterned structure. Blocking
signal derived from contact mode imaging. The high elasthe surface with soluble biotin destroyed the adhesion image
ticity of cells (Hoh and Schoenenberger, 1994) causes while the topography contrast remained.
deformation of the membrane under the pressure of the tip, Similarly, Willemsen and co-workers (1998, 1999) used a
which may result in nonspecific adhesion to the tip andpatterned surface to demonstrate spatially resolved molec-
erroneous height information. For this reason, the first reular recognition. The simplest method to create a pattern is
ports on imaging receptor molecules used a much moreovering a surface sparsely enough so that individual mol-
simplified biological system. Instead of imaging surfaceecules can be resolved. Thus, specific interactions are only
receptors in their native membrane, they were purified anéxpected on top of individual molecules. To ensure that
attached to a flat and rigid surface. Ludwig and co-workerseach molecule on the surface is also probed by only a single
(1997) followed this method using the binding betweenmolecule exposed by the tip, special precautions have to be
streptavidin and biotin as a contrast mechanism for arnaken. Following the method of Hinterdorfer and co-work-
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ers (1996), PEG spacers were used to obtain tips with onlgntigens on mica was determined with 3 nm resolution.
a single active antibody at the apex. As the antibody wa8ecause of the specific recognition between antibodies and
covalently coupled to the tip, it remained intact for severalantigens, an extra damping of the tip with the sample
images, which required 10,000 force-distance curves eacloccurs, and this renders additional contrast in the image. By
Besides the high biochemical stability, the spacers als@erforming proper blocking experiments, the topographical
served another, perhaps even more important, purposand adhesion information can be separated. The advantage
which will be described below. of this method is that surface distributions of antigens can
Modified tips are extremely sensitive to damage and/obe characterized at high pixel frequencies (1 kHz; Raab et
contamination, resulting in nonspecific interactions with theal., 1999).
surface (Willemsen et al., 1999). Previously, it was shown
that spacer-involved specific interaction can be discrimi-
nated from tip-involved nonspecific interactions by analysis
of the force-distance curve (Willemsen et al., 1998). Ana-The AFM can also be used to measure the elasticity of
lyzing the force-distance curve for every pixel of an image,individual molecules. Rief and co-workers (1997a) demon-
the adhesion image can be color-coded depending on thstrated that when pulling on the polysaccharide dextran, the
classification as no interaction, nonspecific interaction, orforce-distance curve revealed multiple elastic regimes that
specific interaction (Willemsen et al., 1999), as is shown inwere dominated by entropic effects, a twist in an internal
Fig. 4, c and d. The figures show the topography and bond angle, or a conformational change of the molecule.
concomitant color-coded adhesion image of a mica surfac8ince similar conformational changes were observed at the
that has been covered with purified cell surface adhesiogame force for different strands of dextran varying in length,
molecules (intercellular adhesion molecule-1 (ICAM-1)). and because the elasticity of the strands was directly pro-
The topographic image (Fig.@ shows individual ICAM-1  portional to length, it was concluded that individual mole-
molecules with a resolution that is comparable to tappingcules were stretched. These novel types of application of an
mode images. In the adhesion image (Figl)4he nonspe- AFM have been designated force spectroscopy. Until now,
cific interactions are exclusively observed when the tip ispredominantly long molecules that contain repetitive do-
located on the mica substrate, whereas the spacer-involvedains have been examined. In dextran, all monomers com-
specific interactions are predominantly observed on top oposing the polymeric structure are equal and thus react in
the ICAM-1 molecules. It becomes also apparent from Figthe same way to applied force, implying that changes in the
4 d that the probability of detecting nonspecific interactionslength of the monomer are added and elongation of the
was modulated during the imaging by variations in the forcepolymer is amplified. Force spectroscopy allows reproduc-
applied, thus modifying the probability of the tip to snap ible detection of structural transitions that result in changes
into adhesive contact. Conceptually, the electrostatic doubl@ length of the monomer as small as 0.65 A (Rief et al.,
layer repulsion between tip and surface was used to ride th£998b).
tip on, while specific interactions were still possible, since Recently, other molecules that contain a large number of
the spacer enabled the antibody to bridge the gap betweeaepetitive domains have been examined, such as the muscle
tip and surface. Because cell membranes are also suprotein titin, which contains a large number of immuno-
rounded by an electrostatic double layer, this techniquglobulin (Ig)-like domains (Rief et al., 1997b). Upon
might very well be suited to prevent nonspecific interactionsstretching of titin the force trace showed a characteristic
when measuring cells. sawtooth-like pattern (Fig. 8) that could be attributed to
Ros and co-workers (1998) also used a PEG spacehe unfolding of the individual Ig-like domains within titin.
molecule to functionalize AFM tips. To increase the bindingBecause these domains have a similar tertiary structure but
probability of the antibody-antigen complex, a much longerare not completely homogeneous, each domain will be
spacer (40 nm instead of 8 nm) than in the previous studieanfolded at a defined unfolding force. As the force was
was used. Antibodies to be probed were first selected bgxerted on the entire molecule, the domains were unfolded,
imaging the surface in the conventional contact mode; substarting with the weakest one, as can be observed from the
sequently, the tip was moved to an antibody and forcencreasing unfolding force (see Fig. &,andb). In force
curves were measured. Hereafter, the sample was imagagectroscopy intramolecular forces are measured and thus
again (contact mode) to reveal any damage to the samplenolecules need not be detached from the tip. By careful
Raab and co-workers (1999) used the Magnetic AC modéandling they can be held between tip and surface for a long
(MAC-mode (Han et al., 1997); Molecular Imaging, Phoe- period of time, allowing repeated measurements to study the
nix, AZ) in combination with tips that were functionalized reproducibility or the dynamics of the unfolding and refold-
with antibodies via PEG-spacers. This mode is similar toing processes of a single molecule (Rief et al., 1997b;
tapping mode, but a magnetically coated tip is oscillated byOberhauser et al., 1998). Therefore, force spectroscopy is an
an alternating magnetic field, which enables rigid control ofinteresting novel tool to obtain dynamic information on the
the tip. Using this mode, the lateral position of individual strength of different biological modules and will prove to

Force spectroscopy of single molecules
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a) to develop techniques to modify tip and surface such that
more reproducible measurement can be carried out.

Tip and surface modification techniques

M The measurement of intramolecular forces infers high de-

mands on the stability of the coupling between molecules

WW/\__, and tip or surface. Whereas in the case of intermolecular

Force

I 250 pN force measurements the bonds between tip and molecule
I—A.—-’\IJ\--/‘—fA/\//\__ and between surface and counter-molecule only have to
0 50 100 150 200 250 withstand rupture forces, stretching of intramolecular do-

Extension (nm) mains is measured at even higher forces. For instance, the

conformational changes in a dextran molecule were ob-

served at an applied force of 700 pN (independent of load-

b) ing rate; Rief et al. 1997a, 1998b), which is substantially

/ higher than the force needed to break the streptavidin-biotin
| complex (200 pN at a loading rate of 1pN/s; see Merkel

: et al., 1999). To withstand these forces, rather than using

: self-assembly (Dammer et al., 1996), biotin and avidin

. ! (Florin et al., 1994; Lee et al., 1994a), or adsorption to

e & i [ attach molecules, the dextran molecule was coupled co-

1§ 3 valently to a gold substrate. Next the hydrophobic tip was
5 ; k allowed to interact by pushing it into the dextran polymer
;\j\-_-/ ‘-2 brush that extended in solution and dextran was allowed to

bind by adsorption. Presumably due to a strong hydrophobic
FIGURE 5 f) Set of six force versus extension curves of a recombinantintéraction, the dextran-tip interface could withstand forces
titin fragment, generated by Rief and co-workers (1997b). The fragmenhigher than 1000 pN (Rief et al., 1997b; Marszalek et al.,
has eight immunoglobulin (Ig) domains that are unfolded under the influ-1998). Grandbois and co-workers (1999), who wanted to
o 500 o 1 Rt o s vl s hegsure the siengih of a single covalent bond, managed t
ment of @), but noF\)/v for a fragment with four Ig domains, as reported by exerF even higher forces on a single molecule. The pqusac—
Rief and co-workers (1997b). The titin is stretched until it unfolds (1). charide amylose was covalently attached to both tip and
Subsequently, the force on the molecule has reduced and the length hasirface by carbodiimide bonds, which could withstand
increased (2). Continuation of the extending of the molecule results in thdorces of 2+ 0.3 nN (|oading rate of 1‘QJN/5), after which
unfolding of the next domain (3). Panela)(and ) are reprinted by  ryptyre occurred. Examining the rupture probability of the
permission fronBciencéttp:/www.sciencemag.org 276:1109-1112, Rief o that are involved in coupling of the molecule to the
et al.,, © 1997, American Association for the Advancement of Science) .

surface and of the bonds that are present in the backbone of

the molecule itself, they found that a silicon-carbon bond

was ruptured. Similarly, they demonstrated that sulfur-gold
yield important information on the relationship betweenbonds could withstand forces up to 14 0.3 nN before
structure and function of single biomolecules (Oberhauserupture occurred.
et al., 1998). The elegant measurements on the strength of covalent

Thus far a major drawback of AFM is the lack of control bonds by Grandbois and co-workers (1999) are in accor-

when analyzing intermolecular or intramolecular interac-dance with and explain observations made by groups study-
tions. In many cases the surface is just scanned until ang intermolecular interactions. Antigens or antibodies co-
productive (force spectroscopy) interaction is made spanvalently bound to either tip or surface (Hinterdorfer et al.,
ning a molecule between tip and surface. Which part of thel996; Ros et al., 1998; Willemsen et al., 1998, 1999) should
molecule is stretched is unpredictable, as the tip can landccording to Grandbois et al. (1999) be capable to withstand
anywhere on the molecule. Also, when measuring intermoforces up to 1400 pN. Because this force is high enough to
lecular interactions it is extremely hard to get reproduciblerupture at least six antibody-antigen bonds at the same time,
results because success not only depends on the possibilitgither antibody nor antigen will detach from the surface
that molecules are oriented such and are close enough g¢Hinterdorfer et al., 1996). Therefore, both tip and surface
that they can interact, but also proper solid attachment oére stable enough to obtain the thousands of force-distance
small numbers of molecules to the apex of the tip andcurves that are necessary for imaging of reasonably sized
surface are essential. Therefore, several groups have startedrfaces (400< 400 nm; Willemsen et al., 1998).
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Force resolution cantilevers should be considered for imaging tools. How-
, ever, the maximal imaging velocity is limited by the asso-
The strength of the bonds by which molecules are bound Qiation rate of the molecular pairs to be formed. Association

the tip limit the largest force that can be exerted on a tes, determined in AFM studies, vary between almost
molecule. However, the smallest force that can be detect instantaneous for the formation of P-selectin and P-selectin

is determined py the spring con§tant of the cgntileyfer. Beglycoprotein ligand-1 (Fritz et al., 1998) to § 10 M~*
cause the cantilever has, according to the equipartition thes-fl for antibody-antigen bonding, which is comparable to

orem (Hutter and Bechhoefer, 1993), on the average ge association rate in bulk (Hinterdorfer et al., 1996).
thermal energy of 0.%,T (with k, the Boltzmann constant

and T the temperature), the smallest force that can be
detected with the commercially available silicon nitride
cantilevers is in the order of 10 pN. Although averaging of From forces to energies

the cantilever signal enables measurements of transit-ion&S has already been pointed out, rupture forces directly
that require lower forces (resolution of 3 pN for the unzip- yenend on the loading rate and do not reveal the entire shape
ping of DNA; Rief et al., 1999), the force resolution is q¢ yhe interaction potential of the interacting molecules.
generally poor compared to that of magnetic or opticalyerye| and co-workers (1999) demonstrated that it is pos-
tweezers. This is due to the fact that smaller spring constani§p e to measure the height and the position of the energy
are used with this technique and because the measuremeR{giers in the unbinding path of a molecular complex by
are performed in bulk liquid (0.4 pN; Gittes and Schmidt, a5 ring the rupture force as a function of loading rate of
1998). By manufacturing cantilevers with lower spring con-ha piotin-avidin interaction. However, as has already been
stants, the force resolution may be increased, but at the SaMBinted out by Izrailev et al. (1997), the amount of infor-
time this will lower the resonance frequency of the levers,nation about the thermodynamic interaction potential that
implying that rapid movements cannot be measured anysan pe obtained from rupture experiments is rather limited.
more. If the AFM is used in adhesion mode imaging, where  cjeveland and co-workers (1995) showed that AFM can
force measurement is combined with fast scanning of ayso pe used in a different way to obtain information about
image, high force resolution should be combined with gjnteraction potentials. They used the Boltzmann distribution
cantilever with a high resonance frequency. Smaller cantiyg reconstruct a potential from the probability distribution of
levers, which have a smaller mass and thus a higher resgne position of a tip that was brought close to a calcite
nance frequency (up to 150 kHz in liquid; Walters et al.,syrface (Fig. 64). Instead of operating the AFM in force-
1996), might solve this problem. For instance, when deflecyjistance mode, the tip was brought so close to the surface
tion is recorded at a bandwidth of 10 kHz, only a fraction of that it began to jump between metastable energy states. The
the thermal noise is included while fast movements of thejeflection of the cantilever, representing the position of the
tip can still be detected. In the study of Walters and co+jp, was used to reconstruct the potential by analyzing the
workers (1996), however, the force resolution of their canpropability distribution of tip position using the Boltzmann
tilevers is still~10 pN (10 kHz bandwidth), caused by the distribution (see Cleveland et al., 1995 for details). The
relatively high spring constants of their levers. Levers withyells in the potential, which are only separated by barriers
lower spring constants (thinner levers), would decrease th@ith a height in the order ok, T, are due to the sum of the
force resolution by almost an order of magnitude. Howeverinteraction potential between tip and surface and the har-
it should be taken into account that the damping that thenonic cantilever potential. The relative position of these
force probe has in the vicinity of the surface will limit the two potential wells depends on the distance between the
force resolution in the end (Gittes and Schmidt, 1998). Inbase of the cantilever and the surface (Willemsen et al.,
addition to the high force resolution, small cantilevers also1999). Unfortunately, because the cantilever is brought to
help to increase the imaging velocity in force-distancethe surface in a rather undefined way, it was not possible to
mode. As has been pointed out by Willemsen and coobtain the tip-sample interaction potential. Nevertheless, the
workers (1999) the maximal attainable pixel frequency iswork of Cleveland and co-workers (1995) demonstrates the
determined by the viscous drag of the cantilever in combicapability of the AFM to measure potentials with a resolu-
nation with the resonance frequency, which limits the pixeltion in energy that is lower than the thermal enekgy and
frequency to 25 Hz when imaging antibody-antigen inter-a resolution in distance as low as 0.15 nm. To demonstrate
actions. A similar value has been reported by Ludwig andhat this information is of direct relevance when measuring
co-workers (1997) for recognition imaging of biotin and the interaction potentials of biological objects, we have
streptavidin. If quantitative measurements of adhesiorplotted the interaction potential that resulted from a molec-
forces are of minor importance, images can be obtained ailar dynamics simulation of the unbinding of the biotin-
much higher rates (1 kHz), using tip resonance techniqueavidin complex (Fig. &, obtained from Evans and Ritchie,
such as the MAC-mode (Raab et al., 1999). Because of thelt997; and a reference therein). Comparing Figa @ndb,

low viscous drag and a higher resonance frequency, smaill is clear that both the energy resolution and the distance
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The addressing of individual molecules with a functional-
ized force probe has contributed to the detailed understand-
ing of the mechanics and dynamics involved in complex
-0 formation and disruption of individual ligand-receptor pairs.
Reaction kinetics of molecular interactions that had been
formulated over 50 years ago (Kramers, 1940), could now
be applied to the theory of rupture of single molecular bonds
under application of an external force (Evans and Ritchie,
--20 1997). Conceptually, the external force tilts the ligand-
receptor interaction potential, and as a result the activation
barrier from the bound to the free state is lowered. For weak
bindings, activation energies are relatively low (order of 50
k,T) and thermal fluctuations in the energy of the cantilever
can induce early rupture of the complex. As a consequence,
rupture force is not determined by the shape of the interac-
tion potential only, but also depends on the time scale of the
experiment in relation to important statistical parameters
like attempt frequency (Zangwill, 1988) and temperature.
For the measurement of rupture forces, it was predicted
(Evans and Ritchie, 1997) and demonstrated (Merkel et al.,
1999) that these forces are exponentially dependent on
loading rate and that parameters that describe the depen-
dency reveal information about the interaction potential.
The final step, namely the determination of the complete
interaction potential of ligand and receptor, has not been
-80 ~ made yet. Cleveland and co-workers (1995) have demon-
. . L . . strated that the AFM can, in principle, be used to detect the
FIGURE 6 @) Histogram of tip position when an AFM is brought in the . . . .
vicinity of a calcite surface, as has been reported by Cleveland anézomplete shape of interaction pOtem'aIS' Their method,

co-workers (1995). By normalizing the histogram and using the BoItzmaanSing_ _thermal fluctuations of the energy of _th.e ca_ntilever,_ is
distribution, the histograms can be converted into energies (right axis; sesensitive enough to resolve the energy minima in the sim-

Cleveland et al. (1995) for details). The potential that is obtained has fouylated interaction potential of biotin and avidin (Evans and
energy minima that are caused by the tip-surface interaction potential a”F'Qitchie 1997) The range of energy differences that can be

the cantilever potentialbj Interaction potential for the force-driven dis- det ined with thi | thod. h is t I
sociation of the biotin-avidin complex, as reported by Evans and Ritchie etermined wi IS hovel methad, however, 1S 100 smail.

(1997). The instantaneous energies in the molecular dynamics computatidhlthough only a seven-times higher energy range would be
have been coarse-grained averagiin(line). The thick line denotes the ~ required (5, T compared to k,T ~ 1229 10 ?* J); see
smooth polynomial fit to this curve. The dashed segments in the thin curvgeig, 6,a andb), it is impossible to measure the interaction
represent jumps with few statistics. Thexis is calibrated in units df, T potential with the new method. This is due to the fact that an

(1k,Tis equal to 4.1x 10~21J at room temperature). Pana) {s reprinted L. . . a3
by permission from Cleveland et al. (199)) (s reprinted by permission additional energy difference of 4331- would requiree

from the Biophysical Society (Evans and RitchRipphys. J.72:1541—  times longer the measurement time (implying 900 million
1555, © 1997, Biophysical Society). years of measurement time). Therefore, there is a big chal-
lenge to develop novel techniques, exploiting thermal fluc-
tuation of tip energy, that are able to determine the large
resolution of the AFM are sufficient to resolve the wells thatenergy differences that occur in the interaction potentials of
are observed in Fig. b. ligands and receptors.
The coupling of biomolecules to tips and surfaces has
DISCUSSION AND CONCLUSIONS proven to _be an essential factor in the measurement of both
inter and intramolecular forces. Although the use of non-
In this review we have summarized the advances in thepecific adsorption and self-assembly as coupling mecha-
detection of molecular interaction forces and energies thatisms allow the detection of discrete rupture forces, the
have been reported during the past five years. From theneasurement of interaction force has benefited from cova-
earliest experiments, where tip and surface are covered witlent coupling. With this bonding procedure the molecules
monolayers of ligands and receptors (Lee et al., 1994are bound firmly to the substrate and tip and as a conse-
Florin et al., 1994), the surface modification techniquesquence, they are not removed from the surface during the
have been refined to allow the detection of the interactiorrupture of the ligand-receptor complex. This is especially
forces between individual molecules (Wong et al., 1998)important for measurements using adhesion mode AFM,
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where the detection of molecular interactions is combined1998b) have simplified the problem by combining the
with image construction, as this mode of operation requireslescription of polymer extension under force (worm-like
a force-distance curve for each pixel of an image. chain model; Marko and Siggia, 1995) with the dissociation
Various groups have reported that the use of flexibleof bonds under force (Evans and Ritchie, 1997). Using a
cross-linkers to covalently couple molecules to tips andVionte Carlo simulation they could fit the extension curves
substrates facilitates the formation of antibody-antigen comthat they had measured one year earlier (Rief et al., 1997a,
plexes (Hinterdorfer et al.,, 1995-1997; Dammer et al.b). This was soon followed by Evans and Ritchie (1999),
1996; Ros et al., 1998; Willemsen et al., 1998, 1999). Theswho refined their own model of bond strength such that it
spacers give both antibody and antigen the flexibility tocould be applied to bonds that are connected through flex-
diffuse freely in a volume that is only restricted by the ible linkages. They demonstrated that the combination of
dynamic length of the spacer (Hinterdorfer et al., 1996)the stiffness of both force probe and flexible linker deter-
implying that both antibody and antigen can explore variousnines the dependency of the unbinding force on the loading
conformations. The lower restrictions to the freedom of therate.
antibody resemble the physiological relevant conformation, The generation and detection of forces on individual
and the detected probability of biological recognition is of molecules has reached fundamental limits. On one hand, the
the same order as in bulk measurements. The spatiallpwer limit is determined by the Brownian motion of the
resolved detection of individual antigens by an antibodyforce probe and the time resolution that is required in the
functionalized tip (Willemsen et al., 1998) has benefitedexperiment, but this is sufficient to allow the detection of
from this advantage because force-distance curves are getfe disruption force of even individual strands of DNA (Rief
erated at relatively high pixel rates and interaction time iset al., 1999). On the other hand, the weakest chain in the
low. A second advantage of the use of spacers is that the tigystem of tip, molecule(s), and substrate determines the
has already detached from the surface before the rupture tiighest force that can be exerted. In the case of rupture force
antibody-antigen complex. Not only does this facilitate themeasurements, the biomolecular bond determines the force
analysis of the measured force-distance curves (Hinterdoand in the case of a system with strictly covalent bonds, the
fer et al., 1996), but also the lateral movement of the tipweakest of these bonds determines the rupture force (Grand-
during a force-distance curve (Dammer et al., 1996) will notbois et al., 1999).
interfere with the detection of the rupture force. The final The AFM set-ups that are used to detect and localize
advantage is a reduction of the sensitivity to lateral drift inbiomolecular interactions are quite diverse. For the mea-
the detection of rupture forces: if a molecule is rigidly surement of the rupture forces of complexes only, the AFM
bound to the tip, a lateral movement of the tip can cause aneed not to be pushed to its limits with respect to both
unwanted and undetectable rupture event. If spacers aterdware and software requirements. For these measure-
used, a lateral movement of the tip, smaller than the dyments, a force-distance curve needs to be generated and
namical length of spacer and antibody, will not influence therecorded at a fixed position. Because force-distance curve
rupture force but only the distance at which rupture occursgeneration is one of the basic features of commercially
A disadvantage of the use of spacers is that the dynamiavailable atomic force microscopes, they need not be
reach of the spacer causes a convolution in the adhesicadapted for the measurement of rupture forces. However,
image (Willemsen et al., 1998). This could be a disadvanfor novel applications of the AFM that require new mea-
tage in experiments where the epitope on an antigen isurement routines, a high stability of the set-up, or high
mapped. control of the movement of the tip, most frequently home-
If spacers are used in experiments that investigate thbuilt instruments are used. For force spectroscopy studies
dependence of unbinding force on loading rate, specialRief et al., 1997b), for instance, an AFM was constructed
precautions have to be taken. As reported by Evans antthat could only move in the vertical direction to have the
Ritchie (1997), the dissociation rate of a bond is increasetbest control over the distance between tip and surface.
under force because the ligand-receptor interaction potenti#@nother application that requires a special purpose AFM is
is tilted and the activation energy between the bound and thihe adhesion mode imaging of specific molecular interac-
free state is lowered. Willemsen and co-workers (1999Y}ions. With these measurements force-distance curve gen-
have refined this concept for measurements with an AFMeration is combined with image construction, implying that
showing that a shift of the harmonic cantilever potentialboth hardware and software routines needed to be adapted
with respect to the tip-substrate interaction potential reducefor the generation, recording, and processing of the relevant
the activation energy. In the case where a spacer is stretchedta (Ludwig et al., 1997; Willemsen et al., 1999). Yet
between tip and molecule, however, entropy also plays another application that used a modified AFM is the mea-
role. In an energetic picture of the unbinding process, thisurement of an interaction potential by the use of thermal
means that the potential the tip feels would have degenerafactuations. Here, improvement of the sensitivity of the
energy states, causing equations for the dissociation rate bkeam deflection system that is used to detect the position of
a bond to become complicated. Rief and co-workerghe tip was needed, combined with a high stability of the
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AFM set-up (Cleveland et al., 1995). In all these studies it assay well surface using an atomic force microscEBS Lett.390:
was demonstrated that a detailed knowledge of the physical 161-164
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